Abstract: A novel synthetic method for the preparation of nitrogen-containing heterocycles via the route involving domino-type radical addition/cyclization reaction of oxime ethers is described. Alkyl radical addition/cyclization of oxime ethers carrying an appropriate leaving group proceeded smoothly to form the alkylated nitrogen-containing heterocyclic compounds. Additionally, tin-mediated radical addition/cyclization/elimination (RACE) reaction of oxime ethers is newly found and successfully applied to an asymmetric total synthesis of (-)-martinellic acid.
INTRODUCTION
Free-radical cyclization reactions are recognized as powerful methods to effect carbon-carbon bondforming reactions, including the construction of mono-and polycyclic compounds [1] . These processes usually occur with regio-and stereoselective control and can be modulated to form different-sized rings. They have been applied to the synthesis of a number of natural products, pharmaceuticals, and others which mainly include heterocyclic compounds as a core structure. We have developed efficient radical addition/cyclization reactions based on sulfanyl [2] or alkyl radicals [3] for the preparation of various types of carbocycles and heterocycles. Recently, we found two efficient synthetic methods for heterocycles via the route involving radical process as a key reaction. One is the synthesis of simple pyrrolidine and piperidine compounds, and another is the synthesis of substituted pyrrolidine and piperidine derivatives using stannyl radical addition/cyclization of the oxime ethers connected to an α,β-unsaturated carbonyl group [4, 5] . Particularly, the newly found RACE (radical addition/cyclization/elimination) reaction is an efficient reaction which led to the total synthesis of a unique alkaloid, (-)-martinellic acid.
RESULTS AND DISCUSSION

Radical addition/cyclization of oxime ethers toward the synthesis of heterocycles
We designed radical addition/cyclization reactions of oxime ethers aiming at the development of a new strategy for the construction of heterocycles (Scheme 1). Substrates A carrying two functional groups, on an electrophilic site and the other a radical acceptor site, were expected to undergo carbon radical addition regioselectively at the oxime ether group to generate boryl amines C. The boryl amines C are also expected to undergo intramolecular ionic cyclization at the leaving group to form heterocycles D.
If the same substrates A are treated with nucleophiles, two functional groups could react to form complex mixture, which is a drawback of normal ionic reactions.
First of all, we chose the oxime ether 1 carrying the tosyloxy group as a substrate (Scheme 2, Table 1 ). Treatment of oxime ether 1 with Et 3 B in the presence of BF 3 ؒOEt 2 as a Lewis acid gave the desired product 2a in good yield [3d] . In the presence of various types of alkyl iodides as radical precursors, the reactions also proceeded smoothly to form alkylated pyrrolidines 2b-h, except in the cases of using sterically hindered tertiary alkyl iodides. We then decided to use glyoxylic oxime ether 6 as a substrate expecting that more electrophilic oxime ethers may undergo the radical addition even in the absence of Lewis acid (Scheme 4, Table 2) [6] . As expected, radical addition reaction proceeded very smoothly to give adducts 7a-h, but intramolecular cyclization did not occur even when 7a-h were subjected to acidic conditions. Interestingly, we obtained tertiary alkyl radical addition products 7c,h in excellent yields. In our second approach, we examined the oxime ethers 8 and 9, which carry the ester group as a functional group (Scheme 5, Table 3 ). In the presence of Lewis acid, two substrates 8 and 9 that have different length carbon chain underwent alkyl radical addition in all cases, but products 10 and 11 were not lactams. However, on treatment with hydrochloric acid, these adducts 10 and 11 afforded the lactams 12 and 13 in good yields. According to Landais's recent report [7] , we employed the phenyl esters 14 and 15 because the phenoxy group is a better leaving group than the methoxy group. Under the standard radical conditions, 14 and 15 gave the expected lactams 16 and 17 in good yields (Scheme 6).
Based on these results, we then applied our method to the synthesis of a few alkaloids in order to evaluate the potential of our method (Scheme 7). A simple application was the synthesis of an alkaloid, bgugaine (20) [8] . Radical reaction of oxime ether 1 with longer alkyl chain iodide 18 gave the alkylated and cyclized product 19 in moderate yield. Transformation of the functional groups involving reductive debenzyloxylation and reductive methylation afforded the simple alkaloid, bgugaine (20) [9] . Another application was the formal synthesis of 5,8-disubstituted indolizidine alkaloids (Scheme 8). Addition of secondary alkyl radical generated from 21 to oxime ether 1 proceeded effectively to form the cyclized product 22, which was a 1:1 mixture of two diastereomers. After separation of the isomers, each compound was converted into their respective bicyclic lactams, of which the lactam 23 is known as a synthetic key intermediate of the poison frog alkaloids [10, 11] . Thus, we succeeded in the development of a radical addition-ionic cyclization method and its synthetic application to heterocycles.
Radical addition/cyclization/elimination and total synthesis of an alkaloid, (-)-martinellic acid
During the course of our investigation on tin-mediated radical addition reactions of oxime ethers connected with carbonyl functionalities, we found an interesting reaction of conjugated systems (Scheme 9) [5] . Particularly, the α,β-unsaturated ester group exhibited a very interesting reactivity in the radical chemistry of oxime ethers. Under the standard conditions, simple substrates (25) involving oxime ether and conjugated ester moieties afforded the expected cyclized amino esters 26. However, benzaldehyde oxime ether 27 gave two types of products, 28 and 29. The major product (28) was a tricyclic lactam, and surprisingly the benzyloxy group was not present in the structure. Another minor product (29) was the bicyclic compound, which was initially our expected product. We describe this reaction leading to NH-lactam 28 as RACE. The same type of RACE reaction proceeded in the case of hydrazone 30.
In order to find the reaction pathway of the RACE reaction, we investigated some additional reactions, including deuterium incorporation, and then proposed a tentative reaction pathway (Scheme 10). In the case of benzaldehyde oxime ether 27, tin radical would preferably attack the oxime ether group to generate stable benzyl radical A, which intramolecularly cyclizes to unsaturated ester. The resulting nucleophilic aminostannane B cyclizes to the ester group to form NH-lactam 28 and benzyl alcohol via intermediate C. As a minor route, the tin radical would attack the ester carbonyl group to generate tin enolate radical D, which cyclizes to the oxime ether to form the bicyclic amino ester 29 via E. The simple oxime ether 25 would undergo radical addition/cyclization to form the cyclized amino ester 26 according to the latter route. Thus, the RACE reaction of an oxime ether car-rying an unsaturated ester provides a novel method for the construction of pyrroloquinolines, which opened a new approach to total synthesis of martinelline alkaloids [5a,c] .
Martinellines (30) are alkaloids isolated in 1995 and found to show very interesting biological activities as nonpeptidic Bradykinin receptor antagonist, which will be good candidates as lead compounds of new drug discovery (Scheme 11) [12] . The skeleton of these alkaloids is a pyrroloquinoline, which is the first example found in an alkaloid structure. The synthetic studies on martinellines have been recently reported by several groups [13] , and much attention has been drawn on how to construct the pyrroloquinoline core stereoselectively. Recently, Iwabuchi [13e] and Lovely [13f] reported total synthesis of martinellines.
Our first formal synthesis of (±)-martinellines (30b) was achieved by the combination of two types of radical reactions (Scheme 12) [5a,c] . One is a RACE reaction of the oxime ether 27. From pyrroloquinoline cis-28, prepared by a RACE reaction, we prepared o-bromobenzoyl derivative 34 via transformation of the functional groups. The second radical reaction involved a 1,5-hydrogen radical abstraction of 34 followed by carbon-carbon bond formation with an acrylic ester to afford the propionic ester 35. The yield of the reaction was moderate but the stereoselectivity was high. 
